MOST CHRONIC DISEASES ARE characterized by excessive fibrous tissue deposition, altered tissue architecture, and organ dysfunction (49, 76) . Typically, fibrosis increases in all organs with aging (27, 43) . Following skeletal muscle injury, stem cells proliferate, differentiate, and fuse into myoblasts with injured myofibers during the repair phase (39) . Connective tissue accumulation in the skeletal muscle has been reported when the injury involves the basal lamina (31) . While the connective tissue contributes to cytoarchitecture stability during the healing process, excessive fibrogenic cells proliferation and fibrous tissue deposition may interfere with muscle regeneration, leading to incomplete functional recovery (69) . Compared with young, aged mice take longer to recover from muscle injury; their regenerated myofibers are smaller, and tissue fibrosis is significantly increased (13) .
The biological process underlying fibrous tissue deposition with aging is incompletely understood. Various cell types have been proposed to produce fibrous tissue in several organs including skeletal muscle (29) , resident fibroblasts (3), bone marrow-derived circulating fibrocytes (14) , epithelial cells (52) , endothelial cells (79) , and more recently, pericytes (28) . Besides their role in initiating a fibrogenic response to pathology in various organs, pericytes act as multipotent stem cells in tissue repair (23) . In the skeletal muscle, they contribute to the satellite cell pool and muscle growth (26) .
Based on markers and morphology, pericytes have been identified as a heterogeneous cell population (11) . However, their diverse differentiation potential was not explored until we demonstrated their heterogeneity in the skeletal muscle (7, 10) . Whether a specific pericyte subtype contributes to skeletal muscle fibrosis with aging is unknown.
Here, by using a Nestin-GFP/NG2-DsRed transgenic mouse, we show the presence of two bona fide pericyte subtypes, type-1 (Nestin-GFP Ϫ /NG2-DsRed ϩ ) and type-2 (Nestin-GFP ϩ /NG2-DsRed ϩ ), in the skeletal muscle. These cells express the pericyte markers platelet-derived growth factor receptor-␤ (PDGFR-␤) and CD146 and are associated with microvessels. Our in vitro studies show that type-2 but not type-1 form muscle cells when exposed to myogenic differentiation medium. Additionally, we found that type-1 but not type-2 pericytes are fibrogenic when exposed to transforming growth factor-␤ (TGF-␤) in culture. Transplantation studies indicate that type-2 pericytes contribute only to new muscle formation after injury but not to fibrogenesis tissue in the old mouse. Of relevance is the fact that type-2 pericyte regenerative myogenic capacity varies depending whether they are injected in either young or old animals, indicating that the host environment is crucial for efficient muscle regeneration. Moreover, type-1 pericytes do not form muscle in vivo but contribute to increased muscle fibrous tissue in older mice.
We conclude that type-1 pericytes contribute to muscle fibrous tissue formation with aging and envision the possibility of using type-2 and type-1 pericyte as a cellular target to improve skeletal muscle repair and reduce fibrosis in older mammals, respectively.
MATERIALS AND METHODS
Animals. Nestin-GFP transgenic mice (our colony) were maintained homozygous for the transgene on the C57BL/6 genetic background (56) . Aging Friend Virus B (FVB) mice (our colony) have long been used as a model of aging skeletal muscle in our laboratory (9, 66) ; young (3-5 mo), middle-aged (11-14 mo), and old (22-26 mo) mice were used. NG2-DsRed transgenic mice expressing DsRed-T1 under the control of the NG2 promoter (10) were purchased from the Jackson Laboratory (Bar Harbor, ME). ␤-ActinDsRed transgenic mice expressing red fluorescent protein variant DsRed.MST under the control of the chicken ␤-actin promoter coupled with the cytomegalovirus (CMV) immediate-early enhancer (9) were purchased from the Jackson Laboratory. All tissues of ␤-actinDsRed transgenic mice fluoresce red. Nestin-GFP mice were crossbred with NG2-DsRed and ␤-actin-DsRed mice to generate, respectively, Nestin-GFP/NG2-DsRed and Nestin-GFP/␤-actin-DsRed double-transgenic mice. All mice colonies were housed in a pathogen-free facility of the Animal Research Program at Wake Forest School of Medicine (WFSM) under 12:12-h light/dark cycle and fed ad libitum. Both male and female homozygous mice were used, and their ages ranged from 3 to 5 mo. The WFSM Animal Care and Use Committee approved handling and procedures.
Primary antibodies. Table 1 shows the antibodies, their dilution, and source.
Immunohistochemistry. To detect DsRed and GFP fluorescence or DsRed fluorescence from 3-mo-old Nestin-GFP/NG2-DsRed mice or FVB mice of different ages injected with DsRed ϩ pericytes, respectively, extensor digitorum longus (EDL) and tibialis anterior (TA) muscles were dissected; fixed in 4% paraformaldehyde (PFA) overnight; immersed in 10, 20, and 30% sucrose solutions for 60, 45, and 30 min, respectively; embedded in OCT; and rapidly frozen in liquid nitrogen to prepare 10-m thick cryosections. Muscle sections were fixed with 4% PFA for 30 min, then permeabilized in 0.5% Triton X-100 (Sigma, St. Louis, MO), and blocked to saturate nonspecific antigen sites using 5% (vol/vol) goat serum/PBS (Jackson Immunoresearch Laboratories, West Grove, PA) overnight at 4°C. The next day, the sections were incubated with primary antibodies at room temperature for 4 h and visualized using appropriate species-specific secondary antibodies conjugated with Alexa Fluor 488, 568, or 680 at 1:1,000 dilution (Invitrogen, Carlsbad, CA). Muscle sections were counterstained with Hoechst 33342, mounted on slides using Fluorescent Mounting Medium (DakoCytomation, Carpinteria, CA), and examined under fluorescence microscopy.
Fluorescence-activated cell sorting. Fluorescence-activated cell sorting (FACS) was carried out on a BD FACS (Aria Sorter, San José, CA) at 4°C and a pressure of 20 psi, using a laser at the 488-nm line, a 530/30 band-pass filter, a 100-m sorting tip, and 34.2-kHz drive frequency. The sorting apparatus was sterilized with 10% bleach. This instrument allowed us to characterize cells by size as well as fluorescence. Data acquisition and analyses were performed using BD FACS Diva 5.0.3 software, gated for a high level of GFP, DsRed, or APC expression. The clear separation of GFP ϩ from GFP Ϫ cells (7) and DsRed ϩ from DsRed Ϫ cells as well as the low flow rate explains the ease and accuracy of sorting (10) . Sorted cells were reanalyzed to confirm their fluorescence profile (7, 10) .
Pericyte subtypes isolation from Nestin-GFP/NG2-DsRed mice skeletal muscle by FACS. Cells were sorted immediately from a pool of hindlimb muscles after skeletal muscle dissection and dissociation. Hindlimb muscles from young-adult (3-5 mo) Nestin-GFP/NG2-DsRed transgenic mice were prepared as described before (10) . Briefly, muscles were carefully dissected away from the surrounding connective tissue and minced, then digested by gentle agitation in 0.2% (wt/vol) type-2 collagenase in Krebs solution at 37°C for 2 h, and dissociated by trituration and resuspension in 0.25% trypsin/ 0.05% EDTA in PBS for 15 min at 37°C. After centrifuging at 1,500 rpm for 5 min, the supernatant was removed, and the pellet was resuspended in growth medium. Aggregates were removed by passing them through a 40-m cell strainer before sorting. Cells were centrifuged at 1,500 rpm for 5 min. The supernatant was removed, and the pellet was resuspended in 1% FBS in PBS and analyzed for GFP and DsRed fluorescence to sort the different cell populations based on these two markers. The gate was set using cells isolated from C57BL6 Reverse transcription-polymerase chain reaction. To detect the mRNA expression in cells, total RNA was isolated using TRIzol reagent (Life Technologies, Carlsbad, CA), RNA was dissolved in sterile, RNase-free water (Invitrogen) and quantitated spectrophotometrically at 260 nm. Reverse transcription-polymerase chain reaction (RT-PCR) was performed in accordance with the manufacturer's instructions using the SuperScript III First-Strand synthesis system for RT-PCR system (Invitrogen). For each experiment, equivalent amounts of intact RNA (0.1-0.2 g) were used. As negative controls, the RT reactions were performed in the absence of RNA (only water) or reverse transcriptase. The cDNA was amplified by PCR using the primers included in Table 2 . PCR Master Mix was purchased from Promega (Madison, WI). Each PCR reaction contained 1ϫ Promega PCR Master Mix, 1 M of each primer, and the cDNA of the cells used in each case (Nestin-GFP Ϫ /NG2-DsRed ϩ , Nestin-GFP ϩ /NG2-DsRed ϩ , and Nestin-GFP ϩ /NG2-DsRed Ϫ cells). The volume of each reaction was brought up to 50 l with water. DNA amplification was carried out as follows: denaturation at 94°C for 2 min, followed by 35 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for 2 min. After 35 cycles, the reactions were incubated at 72°C for 7 min to increase the yield of amplification. PCR products were verified with DNA 2% agarose gel electrophoresis.
Myogenic induction in vitro.
Freshly isolated pericyte subtypes (2.5 ϫ 10 3 cells/cm 2 ) were cultured on laminin-precoated plates (Invitrogen) for 2 days in growth medium [DMEM-high glucose (Invitrogen), supplemented with 2% L-glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin, and 10% (vol/vol) FBS (Invitrogen)], followed by 14 days in differentiation medium [DMEM (Invitrogen) containing 2-mM L-glutamine (Invitrogen) and 1% penicillin/streptomycin (Invitrogen), supplemented with 2% horse serum (Invitrogen)] in a 5% CO 2 atmosphere (80, 81) . Medium was changed every 3 days until elongated, multinucleated myotubes appeared. After day 14 in culture, cells were fixed in 4% PFA at room temperature, and myosin heavy chain (MHC) expression was analyzed and quantified.
Fibrogenic induction in vitro. Fibrogenic differentiation was induced in fibrogenic medium for 5 days as described elsewhere (29) . Briefly, freshly isolated pericyte subtypes were plated onto laminincoated plates (Invitrogen) and cultured for 5 days in DMEM supplemented with 2% horse serum 10% (vol/vol) (Invitrogen), with 2% L-glutamine, 50 U/ml penicillin, and 50 mg/ml streptomycin, supplemented with 2.5 ng/ml of TGF-␤ 1. Medium was changed twice. After day 5 in culture, cells were fixed in 4% PFA at room temperature, and type I collagen expression was analyzed and quantified.
Immunocytochemistry. Cultured cells were fixed with 4% PFA for 30 min, then permeabilized in 0.5% Triton X-100 (Sigma), and blocked to saturate nonspecific antigen sites using 5% (vol/vol) goat serum/PBS (Jackson Immunoresearch Laboratories) overnight at 4°C. 
The next day, the cells were incubated with primary antibody at room temperature for 4 h and visualized using appropriate species-specific secondary antibody conjugated with Alexa Fluor 680 at 1:1,000 dilution (Invitrogen). They were counterstained with Hoechst 33342 reagent at 1:2,000 dilution (Invitrogen) to label the DNA and mounted on slides for fluorescent microscopy with Fluorescent Mounting Medium (DakoCytomation).
Isolation of type-1 and type-2 DsRed ϩ pericytes. Hindlimb muscle cells were isolated from young adult (3-5-mo-old) Nestin-GFP/␤-actin-DsRed mice as described above (9) . After being counted, cells were centrifuged at 1,500 rpm for 5 min and resuspended in 100-l 1% FBS in PBS/10 6 cells. First, an aliquot was collected for use as unlabeled control (labeled with only the secondary APC anti-rabbit, without the primary anti-NG2 antibody) to set the gate. The remaining cells were incubated with the primary APC anti-mouse NG2 antibody for 45 min and washed in 1% FBS in PBS. They were then incubated for 30 min with APC anti-rabbit secondary antibody, washed in PBS with 1% FBS, and run on a BD FACS flow cytometer (Aria Sorter). Sorting was done based on GFP and APC fluorescence. Isolated Nestin-GFP ϩ /NG2-APC ϩ /␤-actin-DsRed ϩ and Nestin-GFP Ϫ /NG2-APC ϩ /␤-actin-DsRed ϩ cells were used in cell fate tracking experiments to evaluate muscle and fibrous tissue formation in vivo.
Muscle injury and cell transplantation. Skeletal muscle regeneration was studied in TA muscle injured by intramuscular injection of barium chloride (BaCl 2) as described previously (32) . Specifically, young, middle-aged, and old FVB mice were anesthetized with isoflurane/O 2 inhalation. TA muscles were injected with 50 l of 1.2% BaCl2 dissolved in sterile PBS 1 day before cell transplantation. At 24 h postinjury, type-1
pericytes were isolated from donor Nestin-GFP/␤-actin-DsRed mice, resuspended in PBS (3 ϫ 10 5 cells per TA), and slowly injected into the damaged muscle of the acceptor mice. As controls, injured TA muscles of all groups were injected with PBS. As our transplantation experiments were performed in immune-competent (FVB) mice, immunosuppression was induced in all mice to suppress immune rejection of the transplanted cells as described before (6) . Briefly, all animals received daily subcutaneous injections of cyclosporine A (15 mg/kg sc; Novartis, East Hanover, NJ) begining 2 days before of transplantation and continuing for the duration of the experiment. Mice were killed 14 days postinjection, and TA muscles ere collected and processed for immunohistochemistry as described above. The area and number of newly formed DsRed ϩ myofibers were quantified in the muscle sections. Also, the area with collagen was quantified in old compared with young muscle sections. DsRed ϩ cells positive to type I collagen, which were localized at the interstitial muscle space were counted in muscle sections.
Microscopy, cell imaging, and counting. An inverted motorized fluorescent microscope (IX81; Olympus, Tokyo, Japan) with an Orca-R2 Hamamatsu CCD camera (Hamamatsu, Japan) was used for image acquisition. Camera drive and acquisition were controlled by a MetaMorph Imaging System (Olympus). Ten arbitrary microscopic fields were counted in each immunostained plate or tissue section, and values were pooled from parallel duplicates per time point and individual experiment.
Statistical analysis. Results are expressed as the means Ϯ SE. Statistical significance was assessed using Student's t-test or one-way ANOVA followed by Holm-Sidak or Tukey post hoc tests using SigmaPlot11 (Systat Software; San Jose, CA). P Ͻ 0.05 was considered significant.
RESULTS
Two bona fide pericyte subpopulations associated to microvessels are present in the skeletal muscle. Pericytes are commonly recognized by their location and gene expression patterns rather than a precisely defined phenotype. Neuronglial 2 chondroitin sulfate proteoglycan (NG2) has been used to detect them (62) . We conducted a histological analysis of skeletal muscle from Nestin-GFP/NG2-DsRed mice using Nestin and NG2 regulatory elements to control GFP and DsRed expression, respectively. We discovered two types of pericytes; one expressed Nestin-GFP in the interstitium and the other did not. We termed them type 1 (Nestin-GFP Ϫ /NG2-DsRed ϩ ) and type 2 (Nestin-GFP ϩ /NG2-DsRed ϩ ) (Fig. 1, A and B) . We confirmed that both types express two pericytic markers in addition to NG2 proteoglycan: a cell-surface tyrosine kinase receptor (the platelet-derived growth factor receptor PDGFR-␤/CD140; Ref. 28 ) and a melanoma-specific cell-adhesion molecule, CD146, also known as MCAM, M-CAM, and MUC18 (23) . While neither type expressed the endothelial cell marker platelet endothelial cell adhesion molecule-1 (PECAM-1), a transmembrane glycoprotein also known as CD31 (23) (Fig. 1C) , they surrounded CD31 ϩ -labeled blood vessels (orange); pericytes typically surround small vessels with endothelial cells (23) .
Like pericytes, satellite cells express GFP in Nestin-GFP transgenic mice (25) but not NG2-DsRed (Fig. 2) in Nestin-GFP/NG2-DsRed mice. As fibroblasts are also present in the skeletal muscle interstitium, we examined whether pericytes express fibroblast-specific protein 1 (FSP1; Ref. 42). Our results indicate that they do, but FSP1 ϩ fibroblasts do not express NG2-DsRed (Fig. 2) .
Pericytes have been reported to have fibrogenic (28, 29) and myogenic (23, 26) potential, although myogenic potential has not been reported for fibrogenic progenitors (29) . Whether distinct pericyte subtypes contribute to either muscle repair or the excessive fibrogenesis that occurs in older adults is unknown. Here, we propose that the muscle vasculature from adult and aged mammals contains two types of pericytes, one responsible for muscle tissue repair, the other for fibrous tissue accumulation with aging (28) .
Type-1 pericytes are fibrogenic, while type-2 pericytes are myogenic in vitro. To determine whether fibrogenic or myogenic potential arises from the distinct, lineage-committed pericyte subtypes described above (10), we isolated type-1 and type-2 pericytes from mononucleated cells dissociated from Nestin-GFP/NG2-DsRed mouse skeletal muscle by cell sorting (Fig. 3) and cultured them separately in myogenic (see Fig. 5 , A-C) or fibrogenic (see Fig. 5 , D-G) induction medium.
Our previous work show that, in contrast to type-2 pericytes, satellite cells do not express NG2 proteoglycan and are located beneath the basal lamina (53, 77) . To confirm the purity of our pericyte subpopulations, we examined the expression of specific markers in our isolated sorted cells by RT-PCR (Fig. 4, A  and B) . All pericytes expressed CD146, NG2 and PDGFR-␤ mRNA but not the satellite cell markers Pax7 (48, 61, 65, 68) or Myf5 (5). Type I collagen mRNA was expressed in satellite cells (Nestin-GFP ϩ /NG2-DsRed Ϫ ) as reported (71), and type-1 pericytes (Nestin-GFP Ϫ /NG2-DsRed ϩ ), but absent in type-2 pericytes (Nestin-GFP ϩ /NG2-DsRed ϩ ). Additionally, pericytes did not express the fibroblast markers FSP1(42) and Scleraxis (22, 55) .
To investigate myogenesis in vitro, we examined the expression of MHC, a marker of myogenic lineage (63) , in cells exposed to myogenic differentiation medium for 14 days to allow myotube formation. We found that type-2 (Nestin-GFP ϩ /NG2-DsRed ϩ ) but not type-1 (Nestin-GFP Ϫ /NG2-DsRed ϩ ) pericytes differentiated into myotubes (Fig. 5B) . The percentage of nuclei per MHC ϩ myotubes normalized to total nuclei in type-1 and type-2 pericyte cultures was 0.34 Ϯ 0.10 (n ϭ 3 replicates, 500 nuclei counted) and 60 Ϯ 13% (n ϭ 3 replicates, 500 nuclei counted), respectively (Fig. 5C) .
To examine the fibrogenic potential of the two skeletal muscle pericyte subpopulations, we exposed them to fibrogenic medium containing TGF-␤ 1 , a profibrotic cytokine of wellestablished potency that is overexpressed in most fibrotic tissues (19) . Type-1, but not type-2 pericytes, differentiated into FSP1 ϩ fibroblast-like cells (Fig. 5G ) and expressed type I collagen (Fig. 5E) . The percentage of type-1 and type-2 pericyte-derived type I collagen ϩ cells per total nuclei was 68 Ϯ 8.1 (n ϭ 3 replicates, 200 cells counted) and 0.9 Ϯ 0.3% (n ϭ 3 replicates, 200 cells counted), respectively (Fig. 5F ). Type-2 pericytes are myogenic in vivo. As purified type-2 pericytes demonstrated myogenic differentiation in vitro, we next examined their myogenic potential in skeletal muscle. Immediately after cell sorting, we transplanted the pericyte subtypes freshly isolated from the muscles of Nestin-GFP/␤- actin-DsRed transgenic (Tg) mice into the TA muscles of wild-type mice of different ages (young, middle-aged, and old) (Fig. 6B ) using BaCl 2 injection (Fig. 6 ) to induce well-confined muscle degeneration without damaging the basal membrane (16) . DsRed fluorescence (9) allowed us to identify donor fibers in the host muscle (Fig. 6A) . The purity of these cell populations was confirmed by flow cytometric reanalysis as reported (10) . After 2 wk, very few interstitial DsRed ϩ cells were observed in the muscles from young mice injected with type-1 pericytes, and no DsRed ϩ myofibers were detected (Fig.  6C) . In contrast, transplanted muscles from animals injected with type-2 pericytes showed many newly formed DsRed ϩ myofibers (Figs. 6D and 7A) .
Regenerative capacity of type-2 pericytes decreased when transplanted into aged skeletal muscle. Aged microenvironments or niches inhibit the regenerative capacity of tissue stem cells (74) . Whether they influence the differentiation potential of pericyte subpopulations is unknown. To address this question, we injected young, middle-aged, and old mice with type-2 pericytes and found that their myogenic regenerative capacity decreased in the aged microenvironment; the same number of cells formed fewer myofibers in old mice compared with their younger littermates. Quantitative analysis revealed that Nestin-GFP ϩ /NG2 ϩ /␤-actin-DsRed ϩ cells participated in the formation of 474 Ϯ 39 (n ϭ 3 muscles), 316 Ϯ 23 (n ϭ 3 muscles), and 79 Ϯ 30 (n ϭ 3 muscles) DsRedϩ myofibers per mm 2 in young, middle-aged, and old animals, respectively (Fig. 7, A  and B) . Compared with young mice, middle-aged, and old mice showed a 33 and 83% decrease in DsRed ϩ cells, respectively. Additionally, the cross-sectional area of the newly formed fibers was smaller in old than young and middle-aged mice. The area of DsRed ϩ myofibers was 2,123 Ϯ 211, 984 Ϯ 54, and 707 Ϯ 54 m 2 in young, middle-aged, and old animals, respectively (Fig. 7, A and C) . Compared with young mice, middle-aged and old mice showed a 53 and 66% decrease in the DsRed ϩ area, respectively. Skeletal muscle exhibits marked plasticity; myofiber type readily converts in response to distinct stimuli (12, 34, 38, 40) . During muscle formation, fast myosin is expressed before slow myosin appears (41) . To determine DsRed ϩ myofiber type, we examined their MHC isoform expression. Our results show that type-2 pericytes fused to fast (type II) myofibers (Fig. 8A) . As the adult TA muscle is composed of only fast fibers (36) , while soleus muscles are a mixture of fast and slow fibers (30), we used the soleus muscle as a control for our antibody (Fig. 8B) .
In addition to fusing to developing myofibers, skeletal muscle pericytes have been reported to enter the satellite-cell compartment and express satellite-cell markers (26 (Fig. 7D) .
Type-1 but not type-2 pericytes contribute to fibrous tissue formation in skeletal muscle from old mice. Because type-1 pericytes showed fibrogenic differentiation potential in vitro, we next evaluated their in vivo capacity to form fibrous tissue in skeletal muscle. Fibrous tissue accumulation is observed only when myogenic regeneration fails due to aging or disease (29) and not in response to injury in young healthy mice. Therefore, we transplanted type-1 and type-2 pericytes into the injured skeletal muscle of old mice to analyze their fibrotic potential (54) . Previous works have measured collagen accumulation in intact aging skeletal muscle using biochemical and histochemical techniques (1, 33, 37, 47, 57) .
We sorted the pericyte subtypes from ␤-actin-DsRed/Nestin-GFP mice using a rabbit anti-NG2 proteoglycan and APC anti-rabbit secondary antibodies. Since every cell expresses DsRed (10), even when transdifferentiated into another cell type, this technique allowed us to track isolated type-1 and type-2 pericytes after injection (Fig. 9A) .
Two weeks after cell transplantation, muscles were harvested and stained for type I collagen (Fig. 9B) . We observed few ; n ϭ 3 muscles; Fig. 9 , B and C); and newly formed DsRed ϩ myofibers (Fig. 9B) : n ϭ 3 muscles) and FSP1 ( Fig. 9D ) and had no regenerated DsRed ϩ myofibers, indicating that type-1 pericytes are fibrogenic in vivo (Fig. 9, B  and D) .
DISCUSSION
Pericytes are found in vascularized tissues and recognized by their histological location rather than a precisely defined phenotype. However, some antigens, such as neuron-glial 2 chondroitin sulphate proteoglycan (NG2; Ref. 23 ), PDGFR-␤ (28), and a melanoma-specific cell-adhesion molecule CD146 (23) have been identified as pericytic molecular markers. We distinguished two bona fide subpopulations of pericytes in skeletal muscle, types 1 and 2. They express these markers and Fig. 5 . Type-1 pericytes produce type I collagen, while type-2 pericytes differentiate into myotubes in vitro. Myogenic and fibrogenic induction of freshly isolated pericyte subtypes from Nestin-GFP/NG2-DsRed mouse muscle. A: time frame of myogenic differentiation in vitro: freshly isolated pericytes (Fig. 3) were cultured for 2 wk in myogenic differentiation medium. B: after 14 days in differentiation medium, Nestin-GFP Ϫ /NG2-DsRed ϩ and Nestin-GFP ϩ /NG2-DsRed ϩ cells were stained with anti-myosin heavy chain (MHC) antibody. C: percentage of MHC ϩ nuclei derived from each pericyte subtype was counted and normalized to the total number of nuclei (n ϭ 3). Data are means Ϯ SE. D: time frame for fibrogenic in vitro differentiation: freshly isolated pericytes (Fig. 3) were cultured for 5 days in fibrogenic medium containing TGF-␤. E: after 5 days in fibrogenic medium, Nestin-GFP Ϫ /NG2-DsRed ϩ and Nestin-GFP ϩ /NG2-DsRed ϩ cells were stained with anti-type I collagen antibody. F: percentage of type I collagen ϩ cells derived from each pericyte subpopulation was counted and normalized to the total cell number (n ϭ 3 preparations). G: Nestin-GFP Ϫ /NG2-DsRed ϩ and Nestin-GFP ϩ /NG2-DsRed ϩ cells were stained with FSP1 antibody at day 5 in fibrogenic conditions. . For data analysis, we used one-way ANOVA followed by Holm-Sidak test. C: cross-sectional area of DsRed ϩ myofibers in young, middle-aged, and old mice (n ϭ 3 muscles). For data analysis, we used one-way ANOVA followed by Tukey test. D: representative TA muscle section from a transplanted mouse (as in A), showing a rare type-2 pericyte (DsRed ϩ ) expressing the satellite cell marker Pax7. Panels show identical muscle areas. Nuclei were stained with Hoechst 33342. *P Ͻ 0.05.
surround the endothelial cells in the microvasculature. Although pericytic differentiation in several tissues supports their multipotency (23), whether pericyte subpopulations are differentially committed to specific lineages is not known.
We found that both in vitro and in vivo, type-2 (Nestin-GFP ϩ /NG2-DsRed ϩ ) pericytes are myogenic, while type-1 are fibrogenic. Future studies targeting their specific capacities could establish a therapeutic role, either to enhance myogenesis or to decrease fibrous tissue accumulation, in skeletal muscle from aging mammals (Fig. 10A) .
Type-1 pericytes as cellular targets for antifibrotic therapy in skeletal muscle. Pericytes have been found to contribute to fibrous tissue production in several organs, including muscle (28) . Once activated, they escape from the microvessels into the interstitium and participate in the formation of scar tissue, progression of fibrosis, and deterioration of organ function (28) . However, they have also been associated with regenerative functions. In skeletal muscle, for example, they participate in vasculogenesis and contribute to the satellite-cell pool and muscle growth (23, 24, 26) . Thus removing all pericytes to prevent or reduce fibrosis would impede tissue repair after injury.
Here, we adduce data indicating that a distinct type of pericyte directs each of these separate outcomes. Type 1 contributes to fibrosis in aging skeletal muscle, while only type 2 is myogenic. Instead of the whole pericyte population, future studies should target type 1 for antifibbrotic therapy in skeletal muscle and, further, determine whether specific pericyte subpopulations vary in their function and regenerative capacity in other organs.
Age-dependent mechanisms may activate different pericyte subtypes. Fibrous tissue accumulates in the skeletal muscle with aging (75) , but the mechanisms remain poorly understood (21) . Some studies suggest that the decrease in, and reduced function of, stem cells play an essential role (58) ; others that significant changes to the skeletal muscle pericyte microenvironment impair regeneration (35) . Some pericytes may not express a specific receptor that mediates the signaling pathway required for their differentiation, resulting in the emergence of a subpopulation with poor sensitivity to a specific agonist. Reduced expression of the notch-ligand delta affects notch signaling to impair muscle regeneration (21) . The TGF-␤, Wnt, and IGF pathways have also been associated with age-dependent impairment of muscle regeneration (4, 18) . Fig. 9 . Type-1 pericytes are fibrogenic in vivo in old mouse skeletal muscle. A: time frame for type-1 or type-2 DsRed ϩ pericyte isolation and injection into injured skeletal muscles from old wild-type mice. B: TA muscle cross sections from old mice injected with type-1 or type-2 DsRed pericytes 2 wk after transplantation. Panels show identical muscle areas from left to right: DsRed, type I collagen, Hoechst, brightfield, merged fluorescence, and merged fluorescence and brightfield images. Anti-type I collagen staining confirms that type-1 pericytes stay in the interstitium and do not differentiate into muscle cells; type-2 pericytes do not express type I collagen and fuse in DsRed ϩ myofibers. C: quantification of the data illustrated in B. Number of DsRed ϩ /type I collagen ϩ cells normalized to the cross-sectional area at day 14 of cell transplantation into injured skeletal muscle from old mice (n ϭ 3 muscles). D: TA muscle cross-sections from old mice injected with type-1 DsRed ϩ pericytes 2 wk after transplantation. All panels show the same muscle area for different channels (FSP1 staining, DsRed, Hoechst, brightfield, merged fluorescence, and fluorescence and brightfield merged images). Type-1 pericytes are located in the interstitium and express the fibroblast marker FSP1. The constitutively active PDGFR-␣-receptor knockin mouse exhibits fibrosis both systemically and in the skeletal muscle (60) . Consequently, it could be used to determine whether aging-impaired signaling through PDGFRs affects different pericyte subtypes (2) and how extrinsic and intrinsic pericyte changes impair muscle regeneration. Cell-intrinsic changes may be reversible or irreversible but in any case represent an additional source of heterogeneity. One pericyte subtype may be more prone to senescence or apoptosis, and the aged environment may select for a subtype with distinct regenerative potential (20) . Pericyte subtype characterization also suggests further investigation of reported heterogenous stem cells (72) and their role in tissue regeneration in various organs. Future studies should determine whether the fate of the pericyte changes when they are exposed to such ligands as IGF-I, PDGF-AA, Wnt, and delta and whether their differentiation potential remains unchanged after exposure to PDGFR-␣-, TGF-␤R-, IGFR-, frizzled-, or notch-Fc chimeric receptors, which compete with pericyte receptors for ligands in vitro.
Host microenvironment is critical for type-2 pericyte myogenicity. Total muscle size decreases over the lifespan (51) , and old muscle regenerative capacity is severely impaired (21) , which can lead to disability, particularly in patients with other diseases or organ impairments. Note that when exposed to a younger microenvironment or experimental activation of specific signaling, old muscle can regain its regenerative capacity (21) .
Our data show that the myogenic regenerative capacity of type-2 pericytes decreases when injected in older host animals: the same number generated fewer and smaller myofibers. We suggest that the deleterious age-muscle microenvironment could be modified to improve type-2 pericyte-dependent muscle regeneration.
Total muscle decrease with aging is associated with fewer fibers (51) , but many studies also report myofiber atrophy with a substantial decrease in fiber size (73) . Reduced regenerative potential of muscle stem cells (15) is one of several mechanisms proposed to explain age-related muscle loss. Here, we show that the regenerative capacity of type-2 pericytes is impaired in the old. To what extent this impairment leads to fiber loss or atrophy compared with the effects of other myogenic stem cells in skeletal muscle has not been established. Fig. 10 . Diagram of the role of pericyte subtypes in healing young and old skeletal muscle. Two subpopulations of pericytes are associated with blood vessels in the skeletal muscle: type-1 (yellow) and type-2 (green). A: we propose that during muscle repair, type-2 pericytes together with satellite cells contribute to myogenesis, producing larger myofibers in young than in old mice, while type-1 pericytes participate in the fibrous tissue accumulation observed in aged mice. B: classical model of the pericyte as a multipotent stem cell able to differentiate into fat, fibrous tissue, muscle, or neural cells. C: our model proposes that pericytes are heterogeneous and multipotent, but their subtypes are oligopotent and their ability to differentiate more restricted.
In general, pericytes are multipotent, but their subpopulations exhibit lineage restriction. Strong evidence indicates that pericytes are multipotent stem cells, able to form various tissues. They have been shown to improve heart function following myocardial infarction in animal models (45) and to form myotubes with high efficiency (23, 26) , and their osteogenic differentiation and chondrogenic and adipogenic potential are also confirmed (23) . They accelerate wound healing (78) and contribute to fibrous tissue formation (28, 29) . Their role in forming and stabilizing engineered blood vessels (24) suggests a use in vasculogenic therapy, and they can be induced to develop into neural cells (44) .
Pericytes are heterogeneous in location, origin, and morphology (82) , and here we show that their molecular marker expression along the skeletal muscle vasculature also varies. However, in contrast to the current concept of skeletal muscle pericytes as multipotent stem cells with several differentiation potentials (Fig. 10B) , the two oligopotent capillary pericytes we identified differ. Type-1 is responsible for ectopic adipocyte deposition (8) and fibrous tissue accumulation with aging, while type-2 accounts for regenerative capacity and, under special conditions, may be induced to differentiate into neural lineage (10) . This new knowledge will advance tissue repair and regenerative medicine.
Limitations of this study. Our transplantation studies are the first to show that pericytes participate differentially in myogenesis or fibrosis in vivo. However, their contribution relative to other myogenic and fibrogenic cells in skeletal muscle, namely, satellite cells and tissue-resident fibroblasts, respectively, remains to be studied. Although lack of muscle regeneration has been reported after satellite cell ablation (50, 54, 67) , their interaction with fibroblasts is required for efficient muscle regeneration (59) , and cross talk with other cell types, including pericytes, cannot be ruled out. Skeletal muscle fibroblasts do not participate directly, contributing myonuclei, to muscle regeneration. However, since their ablation alters the expansion of satellite cells and impairs muscle regeneration (59), research is needed to determine whether ablating type-2 pericytes, which do contribute myonuclei by fusion, can affect muscle regeneration.
Endogenous pericytes contribute to growth of a significant percentage of muscle fibers (26) . Additionally, conditions that trigger skeletal muscle regeneration, such as muscle injury, dramatically increase pericyte contribution to skeletal myogenesis (26) . Reports showing that selectively ablating satellite cells permanently hampers subsequent attempts to regenerate skeletal muscles (50, 59, 67) do not contradict our results because satellite cells may be required to induce other cell types to adopt a myogenic fate, as suggested by Sambasivan et al. (67) . The relative contribution of pericytes to muscle repair is unknown since they fuse with myofibers and may generate satellite cells (26) .
Multinucleated myofibers arise from the fusion of many cells with myogenic capacity in developing and regenerating muscle (17, 46, 64, 70) . A recent study describes the ability of pericytes resident in postnatal skeletal muscle to fuse with myofibers and enter the satellite cell compartment (26) . Here, we show that myofibers become DsRed ϩ after injection with type-2, but not type-1, pericytes because these pericytes fuse to the myofibers during tissue repair. Whether one or many type-2 pericytes fuse with individual damaged myofibers is unknown.
We also show that, in vitro, only type-2 pericytes form myotubes.
Quantifying the contribution of endogenous pericyte subtypes to myogenesis and fibrous tissue formation with aging is enabled by recombination-based lineage tracing, and ablating a pericyte subpopulation would show whether satellite cell myogenic capacity is affected by its absence. The only marker we found differentially expressed in pericyte subpopulations is Nestin-GFP, which is also expressed in satellite cells (25) , so tracking pericyte fate or ablating a subtype in vivo will require the discovery of new markers expressed in a pericyte subpopulation but not other cells. Future work characterizing the expression profiles of type-1 and type-2 pericytes will define these novel markers.
